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Effects of algal turfs and sediment on coral settlement
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Abstract

Successful settlement and recruitment of corals is critical to the resilience of coral reefs. Given that many degraded reefs are dom-

inated by benthic algae, recovery of coral populations after bleaching and other disturbances requires successful settlement amidst

benthic algae. Algal turfs often accumulate sediments, sediments are known to inhibit coral settlement, and reefs with high inputs of

terrestrial sediments are often dominated by turfs. We investigated the impacts of two algal turf assemblages, and of sediment depos-

its, on settlement of the coral Acropora millepora (Ehrenberg). Adding sediment reduced coral settlement, but the effects of different

algal turfs varied. In one case, algal turfs inhibited coral settlement, whereas the other turf only inhibited settlement when combined

with sediments. These results provide the first direct, experimental evidence of effects of filamentous algal turfs on coral settlement,

the variability in those effects, and the potential combined effects of algal turfs and trapped sediments.

� 2004 Elsevier Ltd. All rights reserved.
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1. Introduction

Degradation or even simple disturbance of coral

reefs, whether caused by terrestrial run-off, crown-of-

thorns starfish outbreaks, over-fishing, or mass-bleach-

ing events, generally involves increased dominance by

benthic algae (Hughes, 1994; McCook, 1999; McClana-

han et al., 2001; Diaz-Pulido and McCook, 2002; Wil-

kinson, 2002). Increasingly it is becoming recognized
that the process of degradation involves a failure to re-

cover from acute disturbances (Hughes, 1994; Connell,

1997; Done, 1999; McCook, 1999; Hughes et al.,

2003). The successful settlement and recruitment of cor-

als is critical to the recovery of coral populations after

disturbance, and hence a fundamental aspect of overall

reef resilience (Hughes, 1996; Hughes and Tanner,

2000). However, settlement and recruitment of corals
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occurs amidst algal assemblages, and this will be increas-
ingly so as climate change leads to increasingly frequent

mass bleaching (Hoegh-Guldberg, 1999; Hughes et al.,

2003), followed by algal colonisation (Diaz-Pulido and

McCook, 2002). It is therefore surprising that very little

is known about the effects of benthic algae on coral set-

tlement and recruitment (McCook et al., 2001).

Filamentous algal turfs in particular are likely to have

critical effects on coral settlement and recruitment. A re-
cent survey of coral recruits on a range of inshore reefs

on the Australian Great Barrier Reef found that coral

recruits were more often found in close proximity to fil-

amentous algal turfs than any other major benthic

group, more so than predicted by overall abundance in

the habitats surveyed (Birrell, 2003). Turf algae rapidly

colonise the surfaces of dead corals, and may persist

for several years (Price, 1975; Diaz-Pulido and McCook,
2002), particularly when herbivores maintain low bio-

mass of large, upright macroalgae (McCook, 1999).

Benthic algae, predominantly algal turfs, comprised up

to 90% of benthic cover across large areas of the Great

Barrier Reef, particularly the inshore regions, after
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disturbances by mass-bleaching events and regional out-

breaks of crown-of-thorns starfish (Sweatman et al.,

2000, 2001). Similarly, algal turfs dominated reefs in

Kenya on the East coast of Africa, following the 1998

mass-bleaching event (McClanahan et al., 2001).

Terrestrial run-off has been shown to have numerous
impacts on reefs, including serious impacts on coral

reproduction, settlement and recruitment (Rogers,

1990; Gilmour, 1999; Fabricius et al., 2003). In particu-

lar, sediments deposited on the reef substratum have

been shown to inhibit the settlement of coral larvae

and to smother newly settled juveniles (Babcock and

Davies, 1991; Babcock and Mundy, 1996). However,

previous studies have not placed these effects in the con-
text of community dominance by benthic algae, espe-

cially algal turfs, although sediment trapping and

accumulation by algae, and algal turfs in particular, is

widely observed (Eckman et al., 1989; Steneck, 1997;

Airoldi, 1998; Purcell, 2000). Algal assemblages reduce

the flow of water in the boundary layer, enhancing sed-

iment deposition and reducing resuspension (Eckman

et al., 1989; Carpenter and Williams, 1993; Vogel,
1994), and can also physically trap sediment, preventing

resuspension (Purcell, 2000). Sediment accumulation in

algal turfs has been shown to enhance the ability of these

assemblages to smother and overgrow other benthic

biota, such as crustose coralline algae (Steneck, 1997).

Clearly, there is potential for algal turfs and sediments

to act in combination to hinder coral settlement, espe-

cially on degraded or disturbed inshore reefs subject to
high inputs of sediments.

This study provides a preliminary exploration of the

effects of filamentous algal turfs, and algal turfs com-

bined with sediments, on the settlement of coral larvae.

We tested whether the presence of algal turfs and/or

sediments on dead coral substrata can reduce larval

settlement of the hard coral, Acropora millepora

(Ehrenberg).
2. Materials and methods

2.1. Experimental design

To test the hypotheses that algal turfs hinder coral

settlement and that sediments accumulated in algal turfs
enhance this effect, we manipulated the presence of algal

turfs and sediments on dead coral substrata, and com-

pared the number of corals that settled in six different

treatments. Importantly, to explore potential variability

in the impact of the turfs, we used two different algal turf

assemblages. Thus, the experimental design included

three main factors: Algal turf type (two levels: Turf 1

and Turf 2), algal turf presence (two levels: with and
without; fixed factor), and sediment presence (two levels:

with and without; fixed factor). Within each combina-
tion of these treatments, we used three tanks (nested

within each combination of main factors) and inside

each tank placed six settlement surfaces (replicates).

2.2. Experimental substrata, treatments, and larval

settlement procedures

Experimental settlement surfaces consisted of

5cm · 5cm pieces of dead, tabulate Acropora colonies

that had well-established algal turf assemblages. For

treatments without algal turfs, we carefully removed

most algae, using a wire brush. Sediment addition treat-

ments involved addition to each tank of 50cm3 of sedi-

ment, which was allowed to settle on the coral settlement
surfaces. Sediment was obtained by filtering (15lm) sea-

water from the reef crest in front of the Orpheus Island

Research Station (18�36.5 0 S, 146�29.4 0 E).

The first turf assemblage (‘‘Turf 1’’) was established

de novo on settlement surfaces that had been cut from

a dead colony of tabular Acropora coral, cleaned with

a high-pressure water hose, exposed to sunlight for

one week, and then re-immersed for six weeks, to allow
algal turfs to recolonise. The settlement surfaces were

suspended from buoys one metre below the sea surface

and 100m offshore from the reef crest at Orpheus Island

(18�36.4 0 S, 146�29.4 0 E), where herbivore abundance

was low (pers. obs.).

The second turf assemblage (‘‘Turf 2’’) was a well-

established community on an in situ dead colony of tab-

ular Acropora, collected from shallow water (1–3m
depth) on the North–East (exposed) corner of Orpheus

Island (18�37.0 0 S, 146�29.4 0 E) and cut into settlement

surfaces. Orpheus Island reefs were extensively bleached

in 1998, resulting in the death of up to 90% of Acropora

corals (Berkelmans and Oliver, 1999; Marshall and

Baird, 2000), which were subsequently colonised by

algal turfs (Diaz-Pulido and McCook, 2002), suggesting

the assemblages in this treatment were approximately
2.5 years old.

The two algal turfs and associated substrata were

quite different in several respects. Turf 1 (5–8mm) was

generally higher than Turf 2 (less than 3mm), presuma-

bly due to grazing of Turf 2. Turf 1 algal assemblages

were less dense, more variable (at 1cm scale) and cov-

ered a smaller percentage of the settlement surfaces

(85%) compared to Turf 2 algal assemblages (93%),
reflecting the recent recolonisation of Turf 1. Turf 1 ap-

peared to have a simpler, less developed species compo-

sition, but detailed comparisons were beyond the scope

of the present study. Perhaps as a result of the less dense

filamentous algae, Turf 1 algal mats generally had more

underlying crustose coralline algae than the Turf 2 algal

mat (6.5% and 2.0% respectively). The topography of

the settlement surface used to grow the Turf 1 algal
assemblage was more irregular, and loosely branched

than that of the Turf 2 algal assemblages.
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The experiment was conducted in the outdoor aquar-

ium facilities at the Orpheus Island Research Station.

Tanks (9 litre volume, opaque plastic rectangular buck-

ets) were placed in a shaded, outdoor raceway, each sup-

plied continuously with 25–30 l per hour of filtered

running seawater (15lm), and temperature maintained
between 28 and 30 �C by circulating seawater around

the outsides of tanks. Overflow from each tank occurred

through a hole covered by plankton mesh, so as not to

lose coral larvae. To encourage larvae to settle on the

upper surfaces of substrata, light levels were reduced

using 70% shade cloth over the entire setup, with exper-

imental substrates on the bottom of each tank (see

Mundy and Babcock, 1998).
Larvae were obtained from A. millepora (Ehrenberg)

using procedures in Willis et al. (1997) to spawn and fer-

tilise gametes and raise the larvae during the mass coral

spawning in December 2001. A. millepora is common on

Orpheus Island reefs, easily maintained in aquaria and

spawns predictably (Willis et al., 1985). Larval supply

was standardised to 5000 (±500) competent larvae per

tank and larvae allowed to settle for four days. Larval
settlement and metamorphosis was confirmed by exam-

ining randomly selected surfaces under a dissecting

microscope. Experimental settlement surfaces were sub-

merged in seawater at all times.

2.3. Data collection and analysis

Coral settlement was measured as the number of
metamorphosed coral larvae (hereafter referred to as

recruits) on each experimental settlement surface. Re-

cruits were counted with a dissecting microscope and a

1cm · 1cm grid placed over the experimental settlement

surfaces.

The mean number of coral recruits in each treatment

combination was compared using nested ANOVA, fol-
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Fig. 1. Average number of settled A. millepora larvae (±1 SE) on experiment

Treatments are combinations of algal turfs present (A+) or removed (A�),

A+S+ treatment of Turf 2. Presence of sediment reduced coral settlement,

settlement (Turf 1; SNK p < 0.05); in the other settlement inhibition was on
lowed by post-hoc Student–Newman–Keuls (SNK)

comparisons. Because the initial differences between

the two turf assemblages were so marked, resulting in

a significant 3-way interaction, we did not compare the

two turf types statistically, but analysed each as a sepa-

rate experiment. Data were examined for homogeneity
of variance (Cochran�s C test), outliers, and independ-

ence and normality of residuals, and on that basis were

logarithmically transformed log10(number of recruits +

0.01).
3. Results

There were considerable differences in the effects of

the two algal turf assemblages on coral settlement,

resulting in a significant 3-way interaction between algal

turf type, algal turf presence and sediment presence (Fig.

1, Table 1). In particular, the turfs differed in effects on

larval settlement, depending on whether or not sediment

had been added to the experimental treatment.

For Turf 1, the presence of either, or both, of un-
grazed, newly established algal turfs (SNK, p < 0.05),

or sediments (SNK, p < 0.05) reduced coral settlement

to extremely low levels, most often to zero. In the ab-

sence of both algae and sediments, mean settlement

was 5–50 times greater. There was some variation be-

tween tanks within treatment combinations, although

this nested factor was not statistically significant.

In contrast, the effects of older, grazed turf assem-
blages (Turf 2) on settlement of coral larvae were smal-

ler and not statistically significant (p = 0.863, Table 1,

Fig. 1), whereas sediment deposits uniformly reduced

larval settlement (p = 0.046, Table 1) and this impact

was consistent whether the turf assemblage was present

or absent (p = 0.359, Table 1). Although algal effects

were not significant, coral settlement tended to be lower
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al settlement surfaces with two different algal turfs: Turf 1 and Turf 2.

and sediments added (S+) or not (S�). No coral larvae settled in the

but the effects of algal turfs varied, in one case significantly reducing

ly significant in combination with sediments (Turf 2; Table 1).



Table 1

Analysis of variance comparing effects of algal turf assemblages (A)

and sediment (S) on larval settlement of the coral A. millepora

Analysis Source of

variation

MS df F-ratio P

Turf 1 and

Turf 2

T · A · S 13.834 1 5.503 0.032

Tank (T · A · S) 2.514 16 3.395 <0.001

Residual 0.741 123

Turf 1 Algae (A) 6.693 1 4.438 –

Sediment (S) 16.034 1 10.632 –

A · S 11.801 1 7.825 0.023

Tank (A · S) 1.508 8 2.077 0.052

Residual 0.726 60

Cochran�s C 0.2051

Turf 2 Algae (A) 0.111 1 0.032 0.863

Sediment (S) 19.510 1 5.543 0.046

A · S 3.329 1 0.946 0.359

Tank (A · S) 3.520 8 4.844 <0.01

Residual 0.727 60

Cochran�s C 0.2315

3-Way ANOVA, including two levels of algal turf type (Turfs 1 and 2)

as the third factor, algal turf type (T), is shown, as well as 2-way

ANOVAs for effects of algae and sediment within each type of algal

turf. Data are log transformed (x 0 = log10(number of recruits + 0.01)).

Cochran�s critical Cp<0.05 = 0.3029. SNK results are reported in the

text.
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in the presence of algae and was uniformly zero in the

presence of both sediments and algae, suggesting the dif-

ferences to Turf 1 are a matter of degree, and reflect in

part reduced power due to greater variation among

tanks (the denominator mean square in this compari-

son). Maximum coral settlement occurred where both

sediments and algae were absent (A-S-, 6.3 recruits

±2.3 SE). There was considerable and significant varia-
tion among tanks within treatment combinations. To-

gether, these observations raise the possibility that the

lack of significant interactions between sediments and

grazed, older algal assemblages may reflect high with-

in-treatment between-tank variability and decreased

power of the comparison, as well as the smaller effects

of algae.
4. Discussion

The results of this study provide several useful point-

ers in terms of coral settlement in the context of recovery

of reefs from degradation and disturbance. Firstly, they

provide the first direct, experimental evidence that some

algal turfs reduce coral settlement in their own right
(McCook et al., 2001). When coral settlement surfaces

colonised by ungrazed, newly established (<6week old)

algal turfs were presented (Turf 1 treatment), coral lar-

vae settled almost exclusively on surfaces that were

cleaned of algal turfs and without sediments. Secondly,

the differences in effects of algal Turfs 1 and 2 demon-

strate the considerable variability in effects, even among
filamentous algal turfs. Thus, the effects of algal assem-

blages on coral recovery and resilience post-bleaching

can not be ignored, nor assumed uniform.

The reduced settlement in the presence of sediment is

consistent with previous studies (Babcock and Davies,

1991). Importantly, however, the combined results for
Turfs 1 and 2 demonstrate that the effects of sediment

deposits may depend on the presence and nature of algal

assemblages present on the substratum. This effect is

likely to be much more pronounced in the field (but

more difficult to test), where the trapping of sediments

by algal turfs is known to be important (Steneck,

1997; Purcell, 2000). The flow regime in our tanks was

such that the presence of algae did not dramatically en-
hance the persistence of sediment deposits. Unfortu-

nately, it would be very difficult to design a fully

factorial experiment which sustained differences in algae

and sediments and realistic flow conditions. The demon-

stration of interactions between sediments and algal

turfs is significant in particular, because previous exper-

iments have only tested sediments in isolation. Such sin-

gle factor experiments may seriously under-estimate the
threats of human impacts, such as sediment run-off, by

ignoring the full context of their effects (Fabricius

et al., 2003).

The results of this study suggest that coral recovery

may be delayed on reefs dominated by algal turfs, par-

ticularly those stressed by high sedimentation, through

reduction and even inhibition of coral settlement. This

is a particular concern for inshore reef areas which are
vulnerable to terrestrial run-off and high sediment inputs

from developed catchments, especially on the inshore

Great Barrier Reef (Bryant et al., 1998; Wilkinson,

2002; Wachenfeld et al., 1998; Fabricius et al., in press).

For example, coral recruitment was much lower on reefs

influenced by terrestrial run-off from developed catch-

ments (Wet Tropics or Cairns to Innisfail region) com-

pared to a relatively undeveloped catchment area
(Princess Charlotte Bay region; Birrell, 2003; Fabricius,

pers. comm.). Reefs in the Cairns to Innisfail region

(developed catchment) were subject to significantly

higher inputs of terrestrial sediments, and are dominated

by algal turfs (Fabricius et al., in press), following high

coral mortality during crown-of-thorns starfish out-

breaks during the mid to late 1990s (Engelhardt et al.,

1997) and the mass-bleaching event of 1998 (Berkelmans
and Oliver, 1999; Sweatman et al., 2000, 2001). Thus our

results are consistent with large-scale correlations be-

tween algal turf abundance, sediment load, and reduced

reef resilience, although the differences in recruitment

between the two regions are likely due to a number of

factors.

The significance of these effects should not be under-

estimated, given impending increases in frequency and
severity of coral mortality, especially in the context of

climate change: as many as 3–4 mass-bleaching events
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per decade have been predicted (Hoegh-Guldberg, 1999;

Hughes et al., 2003). Algal turf assemblages have been

observed to dominate dead coral surfaces for more than

one and a half years after crown-of-thorns starfish out-

breaks (Price, 1975) and more than two and a half years

after mass-bleaching (McClanahan et al., 2001; Diaz-
Pulido and McCook, 2002). In both of these examples,

algal turf dominance potentially spanned two or more

coral spawning seasons, and thus could contribute to re-

duced coral recovery also for at least 2–3 years. Given

that coral stress and mortality in these scenarios will

also result in reduced fecundity, there is a risk of syner-

gistic impacts on overall coral replenishment and reef

resilience.
This study also demonstrates that benthic algal

assemblages that may not be competitively superior to

established corals, can still have negative impacts on

coral populations by affecting coral settlement. Algal

turf assemblages generally do not out-compete mature

corals but rather colonise dead coral surfaces (Price,

1975; McCook, 2001; Diaz-Pulido and McCook, 2002,

2004; Jompa and McCook, 2003a,b). Just as the effects
of algae may be more severe for coral recruits than for

larger established corals (Hughes and Jackson, 1985;

Hughes, 1989, 1996; McCook et al., 2001), different

types of algal assemblage are likely to have different

effects on settling coral larvae compared to settled

recruits. Thus our conceptual framework for under-

standing the role of coral–algal competition in the deg-

radation of coral reefs must recognize that competition
varies between life history stages of corals, and between

algal assemblages, with the potential to generate very

different outcomes.

The differences between the two algal turfs, and the

considerable variation between tanks within the same

treatment combinations are difficult to attribute to spe-

cific causes without further experimentation. However,

it is likely that height and density of the turf affect the
settlement of corals, and it is significant that the more

strongly grazed turf had higher coral recruitment (Ste-

neck and Dethier, 1994; McCook et al., 2001). This

serves to emphasise the potential importance of protect-

ing herbivores in order to enhance reef resilience. How-

ever, the observed differences may also reflect differences

in heterogeneity of substrates (Harrison and Wallace,

1990) or differences in the taxonomic composition of
the turfs, or the bacteria or other benthic biota (e.g.,

crustose coralline algae) associated with the substrates

and algal turf assemblages, all of which can affect coral

settlement (Morse et al., 1988; Johnson et al., 1991;

Johnson et al., 1997; Negri et al., 2001; Baird et al.,

2003). In particular, many algae have chemical influ-

ences on the settlement of invertebrate larvae (Steinberg

et al., 2001; Steinberg and de Nys, 2002), and although
little is known about the chemical effects of algae on

coral settlement, Jompa and McCook (2003a,b) sug-
gested that allelopathy by a filamentous alga killed estab-

lished Porites coral tissue. Finally, on conceptual

grounds, fine filamentous algal turfs are likely to be rela-

tively innocuous for coral settlement, in comparison to

thicker, corticated algal turfs or thick stands of larger fle-

shy and leathery macroalgae (Jompa, 2001). This is sup-
ported by the observation that coral recruits were more

commonly observed in the proximity of filamentous algal

turfs than other groups of macroalgae (Birrell, 2003).

In summary, sediment deposits reduced coral settle-

ment, but the effects of different algal turfs varied, from

relatively little effect of a well established and grazed

turf, to serious inhibition by a newly established (<6

week old) algal turf with greater canopy height. Thus
algal colonisation of reefs after disturbance may inhibit

coral settlement, slowing recovery and reducing the

long-term resilience of these reefs. These effects are likely

to be exacerbated if the reefs are also stressed by sedi-

ment deposition.
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